The speed control problem for permanent magnet synchronous motor (PMSM) drive system is studied in this paper. The predictive control has been proved as an effective solution for the fast transient response, but the performance will be deteriorated in the presence of model uncertainties and load disturbance. Thus a composite control method combining the nonlinear generalized predictive control (GPC) with the sliding mode control is proposed. In view of the chattering problems caused by the traditional sliding mode control, a high order terminal sliding mode controller is designed, which can reduce the chattering effectively. In the end, the stability of the system is proved. The simulation and experimental results show that, compared with PI controllers, the designed controller has the faster speed response and the stronger robustness, and the chattering is decreased obviously than the first order sliding mode controller.
Introduction
Due to high efficiency, high power density and good reliability, permanent magnet synchronous motor (PMSM) drive system is intensively used in industrial applications [9] . The field orientation vector control strategy is usually employed to control PMSM. The technology makes PMSM achieve similar control performance as a DC motor. For the vector control, proportional plus integral (PI) control method, which is independent of the mathematical model, was popular in the past. Although this control method has a simple structure and robustness, it may still fail to meet the high performance requirement with fast response and strong robustness in the practical applications. To improve the motor performance, quite a few approaches such as, back-stepping control [17] , model predictive control [12] , active disturbance rejection control [13] and sliding mode control [15] , have been put forward based on modern control theories, which enhance the motor control performance in different aspects.
Among these approaches, the predictive control appears to be a very interesting alternative method for the drive control system, which offers the potential for achieving the faster transient response, more precise control and full-compatibility with the digital controller. In [12] , the predictive function controller is designed for the speed control of PMSM, and extend state observer is introduced to estimate the disturbance, which improves the robustness of the system. In [3] , the cascade model predictive control method is studied for the PMSM drive system, and a disturbance model is embedded in the predictive control for the problem of speed fluctuation caused by the periodic disturbance. In [2] , a model predictive control algorithm with the single loop control structure is studied. The predictive controllers aforementioned are all designed by the discrete time model. In [7] , a nonlinear generalized predictive control (GPC) method based on the continuous time model is studied for the speed control of PMSM. The controller is designed by the Taylor series expansion method, and it needs a little calculation.
However, PMSM is an uncertain system, and it inevitably faces with the disturbance, e.g., load disturbance and model uncertainties. The control performance of the predictive controller may be strongly affected in the presence of model uncertainties and load disturbance. Thus, it is possible to design a composite controller combining the generalized predictive controller with the robust controller, in which, the dynamic response and the robustness can be assured, simultaneously. In the robust control methods, sliding mode control is well-known for its invariant properties to certain internal parameter variations and external disturbances. There are also some cheering research reports about the sliding mode control for PMSM control system. In [16] , a variable sliding mode speed controller combined with the exponential reaching law is proposed. In [18] , a sliding mode controller based on the novel reaching law is presented, and a sliding mode observer is used to estimate the uncertainties. The terminal sliding mode control method for PMSM is introduced in [11] , and the system can achieve the finite time convergence. As we all know, the main disadvantage of the sliding mode control is the inherent chattering problem. In order to reduce the chattering, the boundary layer technology is mainly adopted [1] , but it may decrease the robustness of the system. Recently, the high order sliding mode control has become the interesting approach to eliminate chattering. The key idea of the high order sliding mode control is that both the sliding manifold and its higher order derivatives need to be zero [6, 10] . Through applying the high frequency switching control to the higher order derivatives of the sliding mode variable, the chattering may be eliminated completely, meanwhile, the robustness is unaffected. Based on the high order sliding mode control theory, the speed controller for PMSM is designed in [8, 14] , and the results show that the chattering can be reduced effectively. But in the sliding mode controller, due to the reason that the system has good robustness only on the sliding mode surface, to bring the system onto the sliding surface, a very high control input may be needed, which will influence the dynamic performance of the drive system.
In this paper, a generalized predictive control method combining with the high order sliding mode control is proposed for the speed controller of PMSM. Firstly, the generalized predictive control using the continuous time model is introduced for the nominal motor drive system through the Taylor series expansion. The controller can achieve fast speed response which is easily achieved. Then, considering the model uncertainties and load disturbance, the high order terminal sliding mode controller based on the predictive controller is designed, which can compensate the influence of the disturbance, and the robustness is improved effectively. The motivation of the paper is attempting to use the merits of predictive control and the high order terminal sliding mode control, and the fast transient response and the strong robustness are realized. In addition, the chattering is obviously reduced. The proposed method is firstly applied in the PMSM drive system. In the end, the simulation and experiment demonstrate the validity of the designed speed controller for PMSM drive system. This paper proceeds as follows. Section 2 defines the mathematical model of PMSM. Section 3 presents the design process of the speed controller. The simulation and experiment are given in Section 4, which is followed by conclusion in Section 5.
The mathematical model of PMSM
According to the method of rotor field oriented, the mathematical model of PMSM can be described in synchronously rotating frame as
where L d and L q are the stator inductance, i d and i q are the stator current, u d and u q are the stator input voltage in dq rotating frame. R s is the per-phase stator resistance, n p is the number of pole pairs, ω is the mechanical angular speed of the rotor, Φ is the rotor flux. J is the inertia, τ L is the load torque, and b is the viscous friction coefficient. The general PMSM control system structure investigated in this work is shown in Figure 1 . A structure of cascade control, which includes the speed loop and the current loop, is employed. In this paper, the generalized predictive high order sliding mode controller is adopted in the speed controller to track the reference speed. The d-axes reference current is set to i * d = 0 and q-axes reference current i * q is the output of the speed controller. 
The design of speed controller for PMSM
The control objective is to find a controller i * q that assures internal stability and realize the fast speed tracking response of PMSM, and the controller should have the strong robustness for the disturbance, simultaneously. A composite controller based on the generalized predictive control and high order sliding mode control is studied. The controller i * q is designed as i * q = i q1 + i q2 , where the predictive controller i q1 is designed for the nominal part of the system without considering the disturbance, and the sliding mode controller i q2 is added to the predictive controller to improve the robustness. The structure of the speed controller is shown in Figure 2 . 
The design of generalized predictive controller
The generalized predictive control method [4] based on the continuous time model will be introduced for the speed controller. Define ω * as the reference motor speed, the state variable is x = ω, the input variable u 1 = i q1 , the output variable y = h(x) = ω, and the disturbance d includes the model uncertainties and the load torque. Because i * d = 0 is used in the controller, the item
is approximately equal to zero. Then the nominal part of system model (2.1) without considering the disturbance can be expressed as
where
. First of all, define the cost function as
where T r is the predictive horizon.ω(t + τ ) and ω * (t + τ ) represent the predictive speed and the reference speed, respectively.
The input relative degree ρ of the outputs is equal to 1. Hence, the Taylor series expansion yieldŝ
where Γ(τ ) = [ 1 τ ],W (t) = ω(t)˙ω(t) T . Similarly, the Taylor series expansion of the reference speed is ω
3)
and the (i, j)-th element in the matrixΓ(T r ) can be derived as
From (3.2) and (3.3), the cost function (3.1) can be equal to
Then, the predictive control law can be derived by minimizing the cost function as
. It is worth pointing out that the predictive controller is derived based on the nominal model. The stability and the robustness may be affected by the disturbance. For this reason, it is necessary to consider the disturbance to strength the robustness of the speed controller, meanwhile, the fast response is not impacted, which is the focus of the paper.
The design of high order sliding mode compensator controller
In order to improve the robustness of the system, a high order sliding mode compensator controller i q2 is designed in this section. Because of the simplicity and less information demand, a second order sliding mode controller is chosen in the paper. First, define e = ω − ω * , thenė can be derived aṡ
Due to the system has robustness to the disturbance only on the sliding mode surface, to ensure the robustness, the motion of the system should be on the sliding mode surface as far as possible [5] . So the sliding mode surface is defined as
where G is the designed parameter,φ(τ ) = − i q1 , theṅ
Substituting (3.4) into (3.5)
According to s(t) andṡ(t), a second order nonsingular terminal sliding mode surface is defined as σ(t) = s(t) + δṡ(t) α / β , where δ > 0, α, β ∈ 2n + 1, n is an integer, and 1 < α/β < 2. By using the terminal sliding mode control, the system can achieve the finite time convergence [6] . Theṅ
whenṡ(t) = 0,ṡ(t) α / β −1 > 0 can be guaranteed.
Next, the control input i q 2 should be designed in such a way that the sliding-mode reaching condition is met. Thus, the equal reaching law is typically chosen aṡ
where η 1 > 0. From (3.8) and (3.9) we get
, thens(t) can be expressed as
According to (3.7) and (3.10), the second order terminal sliding mode controller is designed as
where Gḋ(t) < η should be satisfied.
Robustness analysis of the system
To prove the stability of the system, we can define the Lyapunov function as V = 1 2
Because of Gḋ(t) < η,V < 0 can be derived forṡ(t) = 0. According to Lyapunov stability theorem, the system is asymptotically stable.
The final speed controller for the PMSM drive system can be designed from (3.1) and (3.11). The designed controller can guarantee the fast speed response and improve the robustness of the system. Simultaneously, the chattering caused by the sliding mode control can be reduced.
Simulation and experiment
To demonstrate the effectiveness of the proposed speed controller, simulation and experiment on the PMSM closed loop control system has been performed. The motor parameters are given in Table  1 . 
Simulation and analysis
In this section, the simulation of the PMSM drive system is completed by Matlab, and three speed controllers, i.e., PI controller, GPC controller, and the proposed predictive high order terminal sliding mode controller (GPC+HOSMC), are designed and compared. The current controllers are all designed by the PI control method. The sample time is T s = 0.0001s, the predictive horizon T r = 0.001s. In the HOSMC, G = 0.05, δ = 0.01, α/β = 3/2. To have a fair comparison, the current loop has the same parameters in each method. The gains of the PI controller are obtained by trial and error so as to achieve satisfactory performance.
In the motor control system, the reference speed is passed through a second order linear filter as
, where ξ = 1 and ω n = 100 is chosen. The reference speed is given as 1000 r/min. At t = 0.5s, the disturbance load torque τ L = 1N · m is added. The corresponding motor speed and current waveforms of PI controller, GPC controller, GPC+SMC controller and the proposed controller are shown in Fig. 3-Fig. 5 . As shown in Fig. 3-Fig. 5 , when the motor starts, a large starting current is proposed in the motor. Compared with PI controller, the speed controller based on other methods has the fast response and small overshoot. When the load torque is added to the system, the GPC controller will have a steady-state error, and the system has the poor robustness. The PI controller and the proposed controller have no steady-state error under the load disturbance. But in the PI controller, the motor speed has a bigger depreciation and recovers to the reference value in a longer time length. The GPC+HOSMC controller has better disturbance rejection ability.
To further illustrate the advantages of the proposed GPC+HOSMC speed control method for PMSM, it is compared with the GPC under the traditional sliding mode controller (GPC+SMC). In this method, the controller is designed from (3.6), the equal reaching law is chosen asṡ(t) = −ηsgn(s(t)), and the switching gains of SMC and HOSMC are both selected as η = 100 . The results are shown in Fig. 6 . From the speed and current waveforms in Fig. 6 , it can be seen that the traditional sliding mode controller has a good transient response, and when the load disturbance is added to the motor, the speed has a very small variation. However, the higher chattering exists in the speed and current waveforms. On the basis of the comparison, the high order sliding mode controller has the better steady state performance.
In summary, the results above show that the designed controller has the better transient and steady state performance. It has the strong robustness under parameter uncertainties and load disturbance.
Experiment and analysis
To test the speed control performance of the designed predictive high order terminal sliding mode controller for PMSM, the experimental bed is constructed, which consists of a six-pole 0.72 kW interior PMSM coupled to a dynamometer, and an IPM based on inverter with dSPACE as a controller is adopted as the driver. In the experiment, the load torque is realized by hysteresis dynamometer, so the excitation current can not be changed suddenly, which will cause a little delay for the load torque. The parameters given in the experiment are: T s = 0.0001s, T r = 0.001s, G = 0.05, δ = 0.05, α/β = 3/2, η = 100.
The speed controller is designed by the GPC+HOSMC controller. The motor reference speed is given as 1000 r/min, the speed waveform when the motor starts is shown in Fig. 7 (a) . After the motor is stable, the disturbance about 1N · m is added to the motor by the dynamometer, and the speed variation waveform is shown in Fig. 7 (b) . When the speed is increased from 1000 r/min to 1500 r/min, the speed response waveform is shown in Fig. 7 (c) . As seen in the Fig. 7 , when the motor starts, the speed can track the reference speed quickly with a small overshoot, the speed has pleasure steady and transient performance. While a load disturbance about 1N · m is added, a small speed drop is produced about 12 r/min, and the speed can recover to the reference value quickly. When the speed changes, the controller also has good tracking performance. The experimental results above prove that the proposed speed control method has the outstanding steady and dynamic performance no matter the motor has the disturbance, which can be taken as an alternative scheme for PMSM drive system.
Conclusions
A novel speed control method for PMSM is proposed in the paper. The designed speed controller integrates the advantages of the predictive control and the high order terminal sliding mode control, which has the fast dynamic response and well robust performance. Meanwhile, it has the smaller chattering than the traditional sliding mode controller. By comparing with other control methods, the effectiveness of the designed controller is verified. The designed controller is simple and convenient to be completed. The designed speed controller can also be used in the other motor drive system.
